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ABSTRACT 
 
This paper is concerned with the geometric and material nonlinear behaviour of steel plates as part of a 
thin-walled concrete filled box column. A finite element analysis is utilised to investigate the effects of 
various geometric imperfections, residual stresses and width to thickness ratios on the post-local 
buckling behaviour and strength of clamped steel plates. A novel method is developed for determining 
the fictitious critical loads of plates associated with a nonlinear analysis. An effective width model is 
proposed for the design of clamped steel plates, and is used in the calculation of the ultimate strength 
of short thin-walled concrete filled box columns. Finally, the proposed design model is compared with 
existing experiments with a good degree of parity.  
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INTRODUCTION 
 
Thin-walled concrete-filled steel box columns have increased in popularity in tall building 
construction because they can offer greater structural efficiency and economy than both reinforced 
concrete and steel columns. There is a tendency to use very thin steel plates in composite steel-
concrete columns based on economical considerations. However, thin steel plates in concrete filled 
box columns may locally buckle away from the concrete core when subjected to axial compression. 
The local, post-local buckling behaviour and strength of steel plates in composite steel-concrete 
members have been of increasing concern in recent years by various researchers.  
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Wright (1993) has used an energy method to derive the maximum width to thickness ratios of steel 
plates in contact with concrete. Ge and Usami (1994) have undertaken a strength analysis of thin-
walled concrete filled box columns. Uy and Bradford (1996) have obtained the elastic local buckling 
coefficients of steel plates restrained by concrete by using a finite strip approach. Shakir-Khalil and 
Mouli (1990) and Uy (1998) have conducted tests on concrete-filled steel box columns. However, the 
post-local buckling characteristics of steel plates in concrete-filled box columns have not been 
quantified adequately, and there is also a lack of an efficient method for evaluating the true critical 
loads of plates associated with a theoretical nonlinear analysis. 
 
This paper presents a theoretical study on the geometric and material nonlinear behaviour of steel 
plates in thin-walled box columns filled with concrete. The finite element model is outlined briefly and 
then the effects of various parameters on the post-local buckling characteristics of clamped steel plates 
are investigated. A novel method is developed for evaluating the true critical load of plates with initial 
imperfections. Two effective width formulas are proposed for the design of clamped steel plates and a 
design model is also proposed for calculating the ultimate strength of short thin-walled concrete-filled 
box columns. Finally, the theoretical predictions using the proposed design model are compared with 
independent test results.  
 
 
ANALYTICAL MODEL 
 
The finite element analysis program STRAND6.1 (1993) was used to investigate the post-local 
buckling behaviour of square steel plates in thin-walled concrete-filled box columns. A 10x10 mesh 
with eight-node quadratic plate elements was employed to discretise the plate and this can adequately 
quantify the local buckling mode of the plate. The von Mises yield criterion and layer approach were 
adopted in the analysis to model the plasticity of the material. Steel plates in concrete filled columns 
were assumed to have four clamped edges due to the restraint of the concrete core. 
 
Geometric imperfections that have the same half-wavelength as the local buckling mode were 
considered in the analysis. A small lateral pressure applied to the plate was used to represent the initial 
geometric imperfections in the nonlinear analysis. In order to examine the established model, a 
clamped elastic square steel plate with an initial geometric imperfection of w0=0.1t was analysed and 
the results were compared with the postbuckling solution given by Yamaki (1959) as illustrated in 
Figure 1.  It can be seen that the present model provided a good agreement with classical solution.  
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Figure 1: Comparison of present study with Yamaki’s results 
 
Residual stresses are usually induced in the plate during the process of welding. Experiments indicated 
that the tensile residual stresses present in the region of the weld are balanced by the compressive 
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residual stresses locked in the remainder of the plate. An idealised residual stress distribution in a 
concrete-filled box column fabricated with welded steel plates as suggested by Dwight (1975) was 
incorporated in the analysis as illustrated in Figure 2. 
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Figure 2: Residual stress pattern for welded concrete-filled steel box columns 
 
The material stress-strain behaviour of a welded steel plate is affected by the residual stresses. 
Under compression, premature yielding will occur due to the presence of compressive residual 
stresses locked in the plate. The material stress-strain curve of a steel plate with residual stresses 
was defined by using the model suggested by Ramberg and Osgood (1943) in this study. The 
Ramberg-Osgood equation is expressed by 
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where ε  is the strain, σ  is the stress, E is the elastic modulus, σ0 7.  is the stress corresponding to 
E E0 7 0 7. .= and n is the knee factor. The knee factor n = 25 was used for structural mild steel with 
residual stresses in the present analysis. 
 
 
PARAMETRIC STUDY 
 
Plates with different geometric imperfections 
 
Clamped square plates (b/t=100) with different geometric imperfections and with the compressive 
residual stresses of σ σr = 0125 0 2. .  were analysed in order to determine the effects of geometric 
imperfections on the post-local buckling behaviour. The material properties of the plate adopted in the 
analysis were: proof stress 0 2 300.σ = MPa , elastic modulus E = 200,000MPa and Poisson’s ratio 
v=0.3. The elastic buckling stress crσ  was calculated by using the formula given by Bulson (1970) as 
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where b and t are the width and thickness of the plate respectively, and k is the elastic local buckling 
coefficient. This study adopted a minimum elastic local buckling coefficient of 9.81 for plates in 
concrete filled steel box columns, which was obtained by undertaking a linear elastic finite element 
buckling analysis of plates based on the bifurcation buckling theory as described in STRAND6.1. 
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The load-transverse deflection curves of clamped plates obtained from the analysis are shown in 
Figure 3, from which it can be seen that plates with larger geometric imperfections will undergo more 
total or net transverse deflections. In addition, the post-local buckling stiffness decreases with an 
increase in the geometric imperfection. Furthermore, the ultimate strength of plates also decreases with 
an increase in the level of geometric imperfections.  
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Figure 3: Load-transverse deflection curves of plates
 
Figure 3: Load-deflection curves of plates with different geometric imperfections 
 
Plates with different residual stresses 
 
The sensitivity of the post-local buckling behaviour of steel plates to residual stresses was investigated. 
Geometric imperfections of 0.1t were also considered in the analysis.  Figure 4 illustrates the effects of 
different residual stress levels on the post-local buckling characteristics of steel plates in thin-walled 
concrete-filled box columns. It can be seen from Figure 4 that residual stresses have a more 
pronounced effect on stocky plates. Moreover, the ultimate strength of plates decreases with an 
increase in compressive residual stress levels. In comparison with stress relieved plates, the ultimate 
strength of heavily welded plates ( r =σ σ0 25 0 2. . ) is reduced approximately by 9% for plates with 
b/t=40, by 6% for plates with b/t=70 and by 3% for slender plates with b/t=100.  
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Figure 4: Load-deflection curves of plates with different residual stresses 
 
Plates with different b/t ratios 
 
Plates with different b/t ratios were studied in order to quantify the post-local buckling behaviour and 
ultimate strength of different sized thin-walled concrete filled columns. The geometric imperfections 
of 0.1t and compressive residual stresses of r =σ σ0 25 0 2. .  were incorporated in the analysis. The load-
transverse deflection behaviour of clamped plates with different b/t ratios obtained from this study is 
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illustrated in Figure 5.  It can be seen that plates with larger b/t ratios possess a lower local buckling 
stress and ultimate strength but have a higher post-local buckling reserve of strength. 
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Figure 5: Load-deflection curves of plates with different b/t ratios 
 
NOVEL METHOD FOR DETERMINING CRITICAL LOADS 
 
Due to the presence of initial geometric imperfections, no bifurcation point can be observed in the 
load-transverse deflection curves of plates as shown in Figure 5, and this leads to difficulty in 
evaluating the critical loads. Coan (1951) suggested that the critical load of a plate could be 
evaluated by determining the inflection point on the load-central transverse deflection curve. This 
method has been found difficult to apply in practice because it is required to determine the 
minimum slope on the load-deflection curve.  
 
A novel method has been developed by the authors for determining the true critical loads of steel 
plates with geometric imperfections based on the load-transverse deflection response. By plotting 
the central transverse deflection versus the ratio of the deflection to the applied load w a/ σ , it has 
been found that the minimum ratio of w a/ σ  corresponds to the inflection point where local 
buckling occurs. It is noted that the inflection point of stocky plates indicates initial yielding or 
plastic local buckling since only yielding and plastic local buckling can cause the significant 
increase in plastic deformations under a small loading increment. Figure 6 illustrates the non-
dimensional transverse deflection versus w a/ σ plots for plates with various geometric 
imperfections. It is shown in Figure 6 that the minimum value of w a/ σ highlights the onset of initial 
local buckling.  
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Figure 6: Load-deflection plots for determining critical loads of plates 
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The post-local buckling reserve of strength of steel plates σ p  can be defined as the difference 
between the ultimate strength σ u  and the critical local buckling stress σ c . The critical loads and 
post-local buckling reserve of strength of clamped plates with b/t=100 and r =σ σ0125 0 2. .  are 
summarized in Table 1. It is evident that the critical buckling loads σ c  for plates with initial 
imperfections are less than that of a perfect plate. Moreover, the critical buckling stress increases 
with the increase in the level of geometric imperfections and this is because the stiffness of a plate 
with geometric imperfections has been reduced by deflecting out of the plane before the load is 
applied. It can be concluded that the ultimate strength and post-local buckling reserve of strength of 
plates with larger geometric imperfections is lower than that of plates with smaller ones. 
 
TABLE 1 
CRITICAL LOADS AND POST-LOCAL BUCKLING RESERVE OF STRENGTH OF PLATES 
w t0 /  ( )w
a
/
min
σ  
(mm/MPa) 
w t/  t 
(mm
) 
σ
c
 
(MPa) 
σ p  
(MPa) 
σ
u
 
(MPa) ( )
σ
σ
p
u
%  
0.1 0.011 0.194 5 88.182 111.818 200 56 
0.2 0.021 0.429 5 102.143 92.857 195 48 
0.3 0.029 0.653 5 112.586 77.414 190 41 
0.4 0.036 0.874 5 121.389 63.611 185 34 
0.5 0.042 1.078 5 128.333 49.167 177.5 28 
 
 
EFFECTIVE WIDTH MODEL 
 
The post-local buckling characteristics of clamped steel plates can be expressed approximately by the 
effective width, which can be evaluated from the results of a nonlinear finite element analysis as 
 
e ub
b =
σ
σ 0 2.
                                                                      (3) 
 
in which be  is the effective width of the plate. Table 2 presents the effective width of clamped steel 
plates with a geometric imperfection of 0.1t and residual stress of r =σ σ0 25 0 2. .  obtained from the 
finite element analysis. Based on the present finite element results, two effective width formulas were 
derived for the design of plates in thin-walled concrete-filled steel box columns as 
 
e crb
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3
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σ
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when crσ ≤ σ 0 2. , and 
 
e cr
cr
b
b = +0 915 0 2
3
.
.
σ
σ σ
                                                                (5)  
when crσ >σ 0 2. . 
 
The effective width of clamped steel plates is expressed by the proof stress 0 2.σ  or the yield stress of 
the plate and the elastic critical local buckling stress crσ , which is calculated by using Eqn. 2 with a 
minimum buckling coefficient of 9.81.  It can be seen from Table 2 that Eqns. 4 and 5 provide 
conservative estimates to the finite element result. This is because the proposed formulas have 
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considered that steel plates in real thin-walled concrete-filled box columns may have greater 
imperfections than the present finite element model.  
 
TABLE 2 
EFFECTIVE WIDTH OF STEEL PLATES IN CONCRETE-FILLED BOX COLUMNS 
{ } b
t
 
crσ  
 (MPa) 
b b
e
/  
(Finite Element Results) 
b b
e
/  
Eqn. 5 
 
b b
e
/  
 Eqn. 4 
30 1969 0.9 0.872  
40 1108 0.89 0.845  
50 709 0.869 0.814  
60 492 0.859 0.78  
70 361.5 0.822 0.748  
80 276.8 0.768  0.657 
90 218.7 0.706  0.607 
100 177 0.65  0.566 
110 146.4 0.595  0.53 
 
 
STRENGTH OF CONCRETE-FILLED STEEL BOX COLUMNS 
 
The ultimate strength of a short thin-walled concrete-filled steel box column in compression can be 
calculated by combining the ultimate strength of the concrete core and the steel plates, which is 
expressed by 
 
u c c y seN = f A + f A0 85.                                                                (6) 
 
in which f c  is the compressive cylinder strength of concrete, cA is the concrete area of the cross 
section, f y is the yield stress of the steel plate and seA  is the total effective steel area of the cross 
section which is determined by using the proposed effective width formulas Eqns. 4 and 5.  Because of 
the uncertainty between the test cylinder strength and in-situ strength, the reduction factor for the 
cylinder compressive strength of concrete is taken as 0.85.  
 
COMPARISON WITH EXPERIMENTAL RESULTS  
 
The proposed design model for the ultimate strength of short thin-walled concrete filled box columns 
is examined by comparing with existing experimental results as shown in Table 3. Specimens 
NS1~NS17 were undertaken by Uy (1998) whilst specimens C1~C9 were conducted by Shakir-Khalil 
and Mouli (1990). The effective width of specimens C1~C9 in Table 3 is the average value of the 
adjacent sides of the section since the columns were rectangular. In specimens NS5, NS11 and NS17 
the loads were carried by steel plates only. It can be observed from Table 3 that the theoretical 
determinations of the ultimate strength of concrete-filled box columns using the proposed design 
model agree very well with the experimental results. The mean theoretical ultimate strength is 94% of 
that of the experimental results. This illustrates the conservative nature of the model. 
 
 
CONCLUSIONS  
 
The post-local buckling characteristics of steel plates in concrete-filled box columns have been 
investigated by using the finite element method. Steel plates with different levels of geometric 
imperfections, residual stresses and b/t ratios have been analysed in order to determine the post-
local buckling strength of clamped steel plates. The critical loads as well as the post-local buckling 
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reserve of strength of plates with initial imperfections can be determined efficiently from a theoretical 
analysis by using the novel method presented in this study. The proposed effective width formulas can 
be used in the ultimate strength calculation of short thin-walled concrete filled box columns in 
compression. The accuracy of the design models has been examined by comparisons with a classical 
solution as well as experimental results.  
 
TABLE 3 
 ULTIMATE STRENGTH OF CONCRETE-FILLED STEEL BOX COLUMNS 
Specimen Size 
bxb 
f y  
(MPa) 
E 
(10 3 MPa) 
f
c
 
(MPa) 
b/t b be /  
Theory 
N uTheory  
(kN) 
N uTest  
(kN) 
N
N
uTheory
uTest
 
NS1 186x186 294 200 33.6 60 0.783 1428.6 1555 0.919 
NS5 186x186 281 200 NA 60 0.787 483.5 517 0.935 
NS7 246x246 292 200 40.6 80 0.663 2548.8 3095 0.824 
NS11 246x246 292 200 NA 80 0.663 561 563 0.996 
NS13 306x306 281 200 44 100 0.579 3953.3 4003 0.988 
NS14 306x306 281 200 47 100 0.579 4182.8 4253 0.983 
NS15 306x306 281 200 47 100 0.579 4182.8 4495 0.931 
NS16 306x306 281 200 47 100 0.579 4182.8 4658 0.898 
NS17 306x306 281 200 NA 100 0.579 587.3 622.3 0.944 
C1 120x80 357.5 205 41.6 24(16) 0.892 848.3 850 0.998 
C2 120x80 341 205 42.6 24(16) 0.892 819.3 900 0.91 
C3 120x80 341 205 46.2 24(16) 0.892 841.6 920 0.915 
C4 120x80 362.5 205 42.4 24(16) 0.891 863.6 950 0.909 
C5 120x80 362.5 205 40.8 24(16) 0.891 857.2 955 0.898 
C6 150x100 346.7 209.6 46 30(20) 0.881 1158.6 1210 0.958 
C7 150x100 346.7 209.6 46.2 30(20) 0.881 1155.1 1200 0.963 
C8 150x100 340 208.6 46.6 30(20) 0.882 1155.4 1190 0.971 
C9 150x100 340 208.6 47.2 30(20) 0.882 1159.6 1200 0.966 
Mean 0.94 
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